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the particles. For the alginate particles the use of oil was not necessary. Gluten 26 loadings of 7 % w/w were achieved with 1.5 % w/w alginate and with 2 % w/w 27 -carrageenan. The water content of the particles can be easily controlled by a 28 subsequent partial drying step. A mixture of Soy Protein Isolate (SPI) and particles 29 was sheared in the Couette Cell. Controlled release of the gluten from the alginate 30 particles was not achieved properly by temperature or shear. The controlled release 31 of the gluten was achieved at the processing conditions only with -carrageenan. 32
Some fibrilization was observed in the sheared product, but the macrostructure was 33 not yet well developed. However, an optimization of the shearing process for the use 34 of the particles may lead to an improved structure for the meat analogs. 35
36

Practical applications 37
This paper investigated the effect of encapsulation in hydrogels on the fibrilization 38 behavior of wheat gluten upon contact with water. A cheap and easily scalable 39 dripping technique was used to create spherical particles in which the gluten did not 40 fibrilize, although the coating material consists of ≥95% of water. Upon reaching the 41 process conditions in the shearing device, the gluten are released and able to form 42 fibers. The results show that hydrogels can mechanically protect the core and act as a 43 delivery structure. The protective and carrier functions of the hydrogel can 44 alternatively be used for cores like food additives (e.g. vitamins) or even to 45 pharmaceutical ingredients, not only for the production of meat analogs, but also in 46 other food applications. 47
Introduction
51
Meat analogs are an increasingly welcome alternative to meat for instance in view of 52 animal welfare (Hughes, 1995) and sustainability (Steinfeld et al., 2006) . However, 53 many of the products currently on the market do not reflect the properties of meat to a 54 satisfactory extent (Hoek et al., 2011) : Meat analogs lack the juiciness of meat, which 55 follows from its characteristic fibrous structure. 56
A novel process was developed for the production of highly fibrous meat analogs, 57 using the lab-scaled Couette Cell device (Krintiras et al., 2015) . This process achieves 58 meat-like structure formation by applying simple shear flow and heat to plant protein 59 suspensions, resulting in the formation of fibers, which enhance the structure and 60 mouthfeel of the product (Krintiras et al., 2014) . During the mixing step of the 61 ingredients prior to loading of the Couette Cell, soy protein isolate (SPI) is premixed 62 with water and left to rest. However, upon addition of the vital wheat gluten (WG), 63 instant fibrilization takes place (Abang Zaidel et al., 2008), forming a sticky gel and 64 local networks. These effects are undesired, since they lead to material losses, as in 65 gluten sticking to the mixing container and spatula. This can be prevented if the 66 gluten could be immobilized and only be released during processing under simple 67 shear and heat. 68
Microencapsulation is often used to provide such isolation and release functions (Ma, gluten encapsulation. The polymers in the hydrogels can hold a large quantity (at least 74 70%) of water within their three-dimensional structure due to the hydrophilic parts of 75 the molecules (Bai et al., 2015 Our aim is to produce spherical encapsulates of gluten in food-grade hydrogel, which 80 release the gluten from the particles at the processing conditions of the meat analog 81 shearing process. The encapsulation step should prevent the gluten from fibrilizing 82 upon contact with water during the premixing step and facilitate easy loading of the 83 formulation into the Couette Cell. The encapsulates should release the gluten inside 84 the Couette Cell, as a result of the higher temperature and shear in the process so 85 structure formation can be achieved. Calcium cross-linked alginate and -carrageenan 86 hydrogels are used for the gluten immobilization, because both systems rapidly form 87 rigid gels upon cross-linking or cooling, enabling the product to resist the forces 88 exerted on the particles during mixing and loading. Additional and equally important 89 reasons are that they are accepted in the food industry (Tecante and Santiago, 2012,  90 Keppeler et al., 2009) and that they are expected to release the gluten after application 91 of the high temperature (Mangione et al., 2003) or shear (Papageorgiou et al., 1994 ) 92 conditions. The resulting encapsulates are analyzed for particle size, gluten vs. 93 hydrogel loading, and release and fibrilization properties in the actual meat-analog 94 production process. 95
Materials and Methods
96
Materials
97
All materials were used without further purification, unless stated otherwise. A blend 98 of soy protein isolate (SPI) (SUPRO EX37 HG IP, Solae, USA) and vital wheat 99 gluten (WG) (VITEN, Roquette, France) was used. In the case of SPI, we determined 100 a protein content of 90 % w/w, while gluten had a protein content of 81 % w/w 101 based on a nitrogen-to-protein conversion factor of 6.25, measured with the Dumas 102 method. Sodium chloride, referred to as salt hereafter, was also used. Alginic acid 103 sodium salt from brown algae, CaCl·2H 2 O ( 99%), -carrageenan -sulfated plant 104 polysaccharide -and KCl ( 99.0%) were purchased from Sigma Aldrich. Peanut oil 105 was purchased from a local supermarket; the oil was colored red using a food-grade 106 dye (a mixture of E-numbers E110 sunset yellow FCF, E122 azorubin, E132 107 indigontine and E151 Brilliant Black BN) for visualization purposes. 108 The composition of the particles was checked by determining the amount of water the 137 particles hold after cross-linking and removing the excess cross-linking solution by 138 dabbing with a paper towel. Care was taken to minimize the contact of the particles 139 with the paper towels, to minimize the water removal from the inside of the spheres. 140
Methods
Samples were weighed before and after drying, from which the water content was 141 calculated. The dry mass was assumed to have the same mass ratio of gluten and 142 hydrogel as initially used before cross-linking. 143
Melting 144
The melting behavior of the particles was assessed using the Crystalline multiple 145 reactor system (Avantium B.V.). The particles were loaded in a vial until the top layer 146 of particles was visible in the camera. The vial was heated to 95°C with a heating rate 147 of 0.3°C/min, pictures were taken every 30 s. 148 were, after removal of excess cross-linking solution with a paper towel, partially dried 171 in an oven prior to the preparation of the shearing mixture, to obtain a water-gluten 172 ratio close to that used in experiments without encapsulates. First the meat analog 173 mixture was prepared by mixing 150 g of partially dried encapsulates with 46 g of SPI 174
and 0.5 g of salt, which accounts for the amount of salt in the biopolymer, carefully 175 with a spoon. This mixture was covered and set to rest for 30 minutes, similar to 176 experiments without particles (Krintiras et al., 2015) , and then loaded into the Couette 177
Cell. 178
Results and Discussion
179
For the optimization of the encapsulate production, first the production of spherical 180 beads of WG loaded hydrogel was optimized. Subsequently, the resulting spherical 181 encapsulates were tested on their performance. 182
Particle production
183
The production of alginate particles containing WG was straightforward using the 184 encapsulator. Sodium alginate -WG -water mixtures were led through the single 185 nozzle configuration and cross-linked in a bath containing a CaCl 2 solution. The flow 186 rate and the vibration frequency were optimized for each nozzle diameter. A sodium 187 alginate concentration in water of 0.8 % w/w was used. Higher concentrations of 188 sodium alginate in the starting mixture made the mixture more difficult to pump 189 through the nozzle due to increasing viscosity. Additionally, the cross-linked spheres 190
were stronger when higher concentrations of sodium alginate were used, which is 191 undesirable, since too strong particles do not break under the processing conditions. 192
Using lower concentrations of sodium alginate in the starting mixture eventually led 193 to droplets that were mechanically too weak. These droplets disintegrated upon 194 impact with the cross-linking bath and did not produce any microspheres With the bead production in the single nozzle configuration and nozzle heating at 211 T N = 50°C, the jet break-up occurred at a larger distance from the nozzle than with the 212 alginate particles. Additionally, the particles were not spherical after gelling and not 213 always separated. This is attributed to the droplets losing their spherical shape upon 214 impact with the water or to the long time required for gelling. 215
The bead formation was optimized first for -carrageenan without WG. Several 216 configurations were used to increase the sphericity of the particles, which is beneficial 217 for the flow behavior and therefore aids the loading step. 218
Keppeler et al. (Keppeler et al., 2009) found that dripping the droplets through a layer 219 of oil on top of the gelling bath helped the particles attain a spherical shape. Such a 220 layer was used and additionally it was decided to further employ this feature of oil by 221 using the concentric nozzle configuration and using oil in the outer nozzle around the 222 immobilization mixture in the inner nozzle. Figure 3 illustrates this configuration. 223
During the experiment, the thickness of the layer of oil on top of the bath increased 224 due to the addition of the oil via the concentric nozzle. The oil separated from the 225 particles after immersion in the gelling bath and floated to join the oil layer already 226 present, making it easy to separate and reuse. After gelling, the particles were filtered 227 from the salt solution and then washed with demineralized water to remove the oil 228 residues. In this configuration the strength of the spheres was optimized by using 229 lower concentrations of -carrageenan. However, at a concentration of 1 % w/w no 230 particles could be made and particles resulting from a 1.5 % w/w solution were 231 mechanically very weak. Therefore, a 2 % w/w solution was considered to provide 232 encapsulates of an acceptable mechanical strength. 233
An example of the optimum mixture (2 % w/w -carrageenan and 7 % w/w gluten) is 234 shown in Figure 2 investigated. From the material with the most desirable properties the behavior was 244 also tested in the shear cell. Because the hydrogels can swell in an aqueous 245 environment, the composition of the particles was checked by determining the amount 246 of water the particles hold after gelling (as opposed to the initial concentrations used) 247 and removing the excess gelling solution by dabbing with a paper towel. Care was 248 taken to minimize the time of contact of the particles with the paper towels, in order 249 to avoid removing water from the inside structure of the spheres. Table 1 Table 1 show that some particles had a slightly 254 lower water content than expected from the initial hydrogel concentration used in the 255 immobilization mixture. It is likely that the drying using the paper towel removed 256 more liquid than just the excess gelling solution. Due to the porous structures of the 257 biopolymer particles, it is possible that a small amount of water was subtracted from 258 the inner structure. The amount of water taken from the particles during the removal 259 of excess water with the paper towels is considered very minimal, since the difference 260 between expected and measured water loading is less than 1%. It was observed that 261 the effect was stronger in particles without WG, as opposed to particles with WG. 262
This indicates that the WG helps the hydrogel to retain the water in its structure, 263 which is expected since gluten is well known to bind water ( with DSC studies that -carrageenan in lower concentrations (1.5 -2 %w/w) melts 275 above 40°C. Upon increasing the temperature even further, the deformation of the 276 meniscus between particles and air increased, until a flat profile was observed at 277 T = 68°C and the particles were completely molten. This means that at the intended 278 processing temperature of 95°C the particles will melt and release the gluten from 279 their structure. With the alginate particles this was not the case. These particles 280 remained intact up to T = 95°C and showed no change in shape, which is in good 281 agreement with earlier research stating that alginate gel is not thermo-reversible 282 (Guiseley, 1989 , Williams et al., 2004 . This means that the particles would not 283 release the gluten at the intended processing temperature without mechanical action. 284
Additionally, the particles were compared on their capability to deform under 285 compressive stress. In Figure 5 the deformation of the particle is plotted as the stress -286 strain curve, resulting from the compressive force applied to the particles by the upper 287 cylinder of the DMA. These deformation tests were carried out on two different types 288 of particles: Alginate particles loaded with WG, and -carrageenan particles loaded 289 with WG. The alginate particles had a diameter of 3 mm. The -carrageenan was 290 measured at two different sizes: 3 mm and 1 mm diameter, to assess both the 291 influence of particle size and type of hydrogel used. In Figure 5 it is observed that all 292 particles show an elastic behavior and particularly the alginate particles loaded with 293 WG. In the case of the -carrageenan particles we observed a shorter elastic region 294 followed by a larger plastic region. The three-dimensional structure of alginate is 295 cross-linked with ionic bonds, while the structure of -carrageenan exists of helices. 296
This explains why the elastic region is larger in the case of the alginate hydrogel as 297 opposed to that of -carrageenan, since the elastic strains are mainly due to uncoiling 298 and stretching of the structure, while the plastic deformation is caused by molecular 299 chains sliding along each other. The latter phenomenon is easier to achieve with 300 helical structures than cross-linked ones, since the cross-links provide anchors that 301 prevent the chains from moving past one another. We also observed that larger 302 particles require more force for the deformation. This can be caused either by the ratio 303 of pore size versus particle size, or by the amount of mass to be compressed. It was 304 observed that after compression a puddle of water surrounds the particle. During the 305 deformation the water contained in the particles exits through the pores of the 306 hydrogel. The pore size of the hydrogel is assumed to be independent of the particle 307 size. The larger specific area of the pores in the smaller particles is assumed to allow 308 for easier expulsion of the water and is therefore associated with a smaller 309 compressive stress. with free gluten powder. The sheared mixtures had a composition like that in Table 2 , 315 but without the hydrogel component and with more salt. In their work, the fibrous 316 structure on both micro and macroscale are clearly visible. 317
Both the alginate and the -carrageenan particles were tested in the Couette Cell to 318 assess whether fiber formation occurs after release of the gluten from their 319 encapsulated environment. Before shearing, the shearing mixture was prepared. The 320 encapsulates were, after removal of excess cross-linking solution, partially dried in an 321 oven, until they contained 88 ± 1 % w/w of water, giving a similar water/gluten ratio 322 as the shearing composition. Subsequently, they were mixed with SPI and salt to 323 arrive at a final composition given in Table 2 . 324 325 Figure 6 shows the preparation of the shearing mixture using the particles. The 326 particles were mixed with the SPI and salt and left to rest (a). It was observed that the 327 soy coated both the alginate-gluten and the -carrageenan-gluten particles and 328 hydrated by subtracting water from the particles during the resting period (b). The 329 level of hydration of the soy seemed similar to when free water is used. 330
331
After preparation of the mixture, it was tested how well the mixture loads in the 332
Couette Cell using the loading gun. The loading procedure was completed without 333 complications and the mixture spread well throughout the Couette Cell. Many of the 334 particles were still intact, although some had been broken. Closer inspection of the 335 material showed no evidence of fibrilization at this stage. 336
Figure 7(a) shows the alginate-gluten sample after shearing in the Couette Cell. 337
Throughout the sample the particles were still visible and albeit deformed, they were 338 still intact. Microscope images of the material revealed that very limited fibrilization 339 occurred, and only on or surrounding the particles, but nowhere else in the structure. 340
From the entire sample it was also evident that no macrostructure developed. each other, the larger having diameters of 20 ± 3 µm, the smaller 13 ± 2 µm. 365
Discussion
366
When immobilizing or encapsulating, the choice of encapsulant is very important. Not 367 only the processing, but also the final composition of the product materials must meet 368 requirements in terms of process conditions and product quality. In the food sector, 369 additional requirements need to be met, which in our case are that the encapsulant is 370 food-grade material and does not alter the ingredient mixture or taste by a significant 371 extent. Requirements for the final product include that the final product is easy to use 372 in the shearing process. This would benefit from spherical particles to make the 373 mixture mix and load easily. These requirements led to our choices of hydrogels, 374 which are easy to process, food-grade materials and tasteless (Burdock, 1997 (Burdock, , 2006 . 375
The dripping technique employed by the encapsulator is particularly suitable for these 376 materials (Mazzitelli et when the temperature is increased, which was evident from the melting test in Figure  400 4. Therefore, it is likely that the shear time must be increased, or that a preheating step 401 must be added to allow for the particles to soften prior to shearing. Additionally, the 402 mechanical properties of the particles determine in part the optimum processing in the 403 Couette Cell. Measurement and understanding of these particle properties as function 404 of water content as well as of the Couette Cell operating conditions is imperative in 405 the future optimization of the structuring process. Finally, the 2 % w/w of 406 -carrageenan interacts with the mixture, as is also seen in Figure 8 The successful production of spherical particles of -carrageenan with the aid of oil 414
shows that the dripping technique can be used for a wide variety of applications that 415 require the production of spherical encapsulates. For applications such as the 416 immobilization of vitamins, fragrance and pharmaceutical ingredients, the hydrogels 417 are a very suitable encapsulant. However, in other industries the same dripping 418 technique can be used with many other polymers as well, leading to other coating 419 functionalities, e.g. protection from oxygen or moisture from the air. As long as the 420 polymer in question has a low enough melting temperature or suitable cross-linking 421 conditions, the dripping method can be used. The technique is easily scalable to larger 422 capacity by using an array of nozzles. In the case that the vibrations are not sufficient 423 to achieve the jet break-up, other jet break-up techniques (e.g. jet cutting) could be 424 used instead. For continuous operation a cascaded hardening bath can be used, in 425 which the desired residence time can be achieved. 426
Conclusion
427
In this paper Wheat Gluten is successfully encapsulated in a matrix of a food-grade 428
biopolymer. Both sodium alginate and -carrageenan were used as encapsulants. 429
While the particle properties of -carrageenan surpassed those of alginate, the particle 430 production was more complicated. In order to obtain a good sphericity of the 431 particles, with -carrageenan it was required to use a layer of oil on the gelling bath, 432 as well as through the concentric nozzle. For the alginate particles no oil phase was 433 required. In the alginate particles a loading of 7 % w/w gluten was achieved in the 434 particles with 1.5 % w/w alginate. Controlled release of the gluten from the alginate 435 particles was not achieved properly by temperature or shear. In -carrageenan, a 436 loading of 7 % w/w gluten was achieved in the particles, next to 2 % w/w of -437 carrageenan. Lower amounts of -carrageenan did not lead to separate, spherical 438 particles. The water content of the particles can be easily controlled by a subsequent 439 partial drying step. The controlled release of the gluten was achieved at the processing 440 conditions only with -carrageenan. Some fibrilization was observed in the sheared 441 product. However, the shearing process needs to be optimized for the use of the 442 particles to obtain a good structure for the meat analog Tables   578   TABLE 1 
